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1.  Plane	  parallel	  plates	  
•  1st	  order	  lateral	  displacement	  	  
•  Focus	  shiE	  
•  AberraGons	  	  
•  ApplicaGons	  
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Plane	  Parallel	  plates	  
1.  For	  any	  number	  of	  parallel	  plates:	  	  

2.  The	  lateral	  displacement	  d	  of	  the	  emergent	  beam	  is	  
given	  by	  the	  relaGon:	  

3.  System	  line	  of	  sight	  	  
follows	  the	  actual	  path	  of	  light.	  	  
No	  angular	  change	  of	  LOS	  but	  there	  is	  a	  linear	  	  
deviaGon	  funcGon	  of	  the	  Glt	  angle	  

  
d = t

sin(θa −θb
' )

cosθb
'
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  θa = θa
'     and  θb = θb

'   and θc = θc
'    etc.
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Plane	  Parallel	  plates	  and	  1st	  order	  
lateral	  displacement	  

  

Δy = t sin(I − I ')
cos I '

= t sin I cos I '− cos I sin I '
cos I '

= t sin I − cos I
cos I '
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n
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A power series expansion yeilds:

Δy =
tI n −1( )
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I 2 −n2 + 3n + 3( )
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Lateral	  deviaGon	  is	  expressed	  in	  terms	  of	  angle	  of	  
incidence,	  material	  property	  and	  system	  geometry	  
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sin I − I '( )
cos I '

= Δy
t
 I − I '( )

Using the small angle approximation 
& the Snell's law I = nI ',  we get:

Δy = n −1
n

tI

Where Δy is the lateral 
displacement of the incident beam.
If plane parallel plates are used for plane waves (parallel beams),
they are free of aberration. But for converging and diverging 
beams they introduce aberration. 

Lateral	  displacement	  of	  a	  ray	  	  
by	  a	  Glted	  Plane	  Parallel	  plate	  

n	  

I	  

I’	  

t	  

 Δy
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Plane	  Parallel	  plates	  and	  focus	  shiE	  

    

Using the Snell's law and the small angle approximation:
sin I = nsin I '     &   sin I  tan I  I → I = nI '

I  tan I = y
z + t

→ z = y
I
− t

I  tan I = y '
z + Δz

→ z = y '
I
− Δz

⎫

⎬
⎪⎪

⎭
⎪
⎪

Δz − t = y '− y
I

Δz = t − y − y '
I

I '  tan I ' = y − y '
t

→ y − y ' = I 't

Δz = t − I 't
I

= t 1− 1
n

⎛
⎝⎜

⎞
⎠⎟

Δz = t n −1
n

⎛
⎝⎜

⎞
⎠⎟

 Shift in focus or Δz is independent  of the orientation or tilt.

Thus equivalent air thickness for a parallel plate is: t − t n −1
n

⎛
⎝⎜

⎞
⎠⎟
→ teq =

t
n
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TO ≡ Third Order

V =
nd −1

nF − nC

← Abbe V number

Angles in capital for exact, 
lower case for third order.
U & u: angles of the rays with the optical axis.
U p  & u p :  the tilt angles of the plate.

Wxλ = ΔyF − ΔyC =
tU p (n −1)

n2V
← Transverse chromatic

Wzλ = ΔzF − ΔzC = t(n −1)
n2V

← Longitudinal chromatic

Plane	  Parallel	  plates’	  aberraGons	  I	  

Δy

t	   Δz

n	  

Up	  

U	  
U	  
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L '− l ' = t
n

1− ncosU
n2 − sin2 U

⎛

⎝⎜
⎞

⎠⎟
← Spherical aberration (exact)

L '− l ' = −tu2 (n2 −1)
2n2 ← Spherical aberration TO

ls
' − lt

' = t
n2 − sin2 U p

n2 cos2 U p

n2 − sin2 U p

−1
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
← Astigmatism (exact)

−tup
2 n2 −1( )

n3 ← Astigmatism TO

tu2up n2 −1( )
2n3 ← Sagital coma TO 

tup n −1( )
n2V

← Lateral chromatic TO

Plane	  Parallel	  plates’	  aberraGons	  II	  
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ApplicaGons	  of	  the	  plane	  parallel	  
plates	  and	  challenges	  

•  Tilted	  at	  450	  is	  usually	  used	  as	  beam	  spliXers,	  however	  
introduce	  asGgmaGsm	  as	  much	  as	  t/4	  unless	  Up=0	  means	  
only	  parallel	  beams.	  This	  happens	  since	  image	  on	  
meridional	  plane	  shiEs	  backward	  more	  than	  the	  image	  on	  
the	  sagiXal	  plane.	  

•  Tricks	  to	  eliminate	  asGgmaGsm	  include	  
–  introducGon	  of	  another	  plate	  at	  900	  with	  respect	  to	  the	  original	  

one	  
–  weak	  cylinder	  
–  Glted	  spherical	  surface	  	  
–  wedging	  the	  plate.	  	  	  

•  Not	  recommended	  for	  the	  diverging	  or	  converging	  beams.	  	  	  
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2.  Stops	  and	  pupils	  and	  other	  basic	  
principles	  

•  Aperture	  stop	  
•  Entrance	  and	  exit	  pupils	  
•  Field	  stop	  
•  Entrance	  and	  exit	  window	  
•  Vigne]ng	  
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Special	  rays	  

•  The	  chief	  or	  principal	  ray	  is	  a	  ray	  from	  an	  
object	  point	  that	  passes	  through	  the	  axial	  
point,	  in	  the	  plane	  of	  aperture	  stop	  (AS).	  

•  Marginal	  ray:	  on-‐axis	  ray	  that	  goes	  through	  
edge	  of	  the	  aperture	  stop.	  	  
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Stops,	  pupils,	  windows	  
Stops,	  pupils,	  windows	  are	  of	  great	  importance	  for	  control	  of	  light	  
in	  opGcal	  instrumentaGon.	  

Not	  all	  rays	  leaving	  the	  object	  parGcipate	  in	  image	  formaGon.	  	  
Aperture:	  an	  opening	  defined	  by	  a	  geometrical	  boundary	  that	  
creates	  spaGal	  limitaGon	  for	  the	  light	  beams.	  	  

Apertures	  are	  used	  to:	  
	  	  generate	  sharp	  boundaries	  for	  images	  

	  correct	  aberraGons	  such	  as	  spherical,	  asGgmaGsm	  and	  distorGon	  
	  shield	  the	  image	  from	  undesirable	  scaXered	  light.	  	  

Effects	  of	  aperture	  in	  an	  opGcal	  system:	  	  
	  limiGng	  the	  field	  of	  view	  

	  controlling	  the	  image	  brightness	  (irradiance	  W/m2	  )	  
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Aperture	  stop	  (AS)	  
The	  aperture	  stop	  of	  an	  opGcal	  system	  is	  the	  actual	  physical	  
component	  that	  limits	  the	  size	  of	  the	  maximum	  cone	  of	  rays-‐from	  
an	  object	  point	  to	  an	  image	  point	  –that	  can	  be	  processed	  by	  the	  
enGre	  opGcal	  system.	  	  

Example:	  diaphragm	  of	  a	  camera	  or	  iris	  of	  the	  human	  eye.	  
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Marginal	  ray	  
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Aperture	  stop	  (AS)	  
LocaGon	  of	  the	  AS	  depends	  on	  the	  object	  point.	  The	  limiGng	  
component	  not	  always	  the	  same.	  Example:	  for	  object	  point	  X,	  AS	  
is	  not	  the	  limiGng	  factor.	  It	  is	  the	  lens	  rims	  that	  cut	  the	  rays	  
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X	  

Marginal	  rays	  
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Entrance	  Pupil	  EnP	  
Entrance	  pupil	  is	  the	  limiGng	  
aperture	  (opening)	  that	  light	  rays	  
see	  looking	  into	  the	  opGcal	  system	  
from	  any	  object	  point.	  	  	  

The	  entrance	  pupil	  is	  the	  image	  of	  
the	  stop	  in	  object	  space	  (formed	  by	  
the	  imaging	  elements	  preceding	  it	  
or	  on	  	  the	  leE	  of	  stop).	  

SomeGmes	  AS	  and	  EnP	  are	  idenGcal	  	  
but	  in	  this	  figure	  they	  differ.	  

AS	  and	  EnP	  are	  conjugate	  points	  so	  
EnP	  is	  image	  of	  AS.	  	  
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EnP	  is	  the	  effecGve	  aperture	  	  
due	  to	  AS	  (image	  of	  the	  AS),	  as	  
seen	  from	  the	  object	  point.	  
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Loca;on	  and	  size	  of	  the	  entrance	  pupil	  
LocaGon	  of	  the	  entrance	  pupil	  plane	  EnP	  is	  intersecGon	  of	  the	  
extension	  of	  the	  chief	  ray	  and	  the	  opGcal	  axis.	  	  

Size	  of	  the	  EnP	  is	  marginal	  ray	  height	  of	  pupil	  image	  in	  object	  space.	  
Extend	  the	  marginal	  ray	  and	  height	  of	  the	  ray	  at	  intersecGon	  of	  the	  
chief	  ray	  and	  opGcal	  axis.	  	  	  

.	  	  
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Exit	  pupil	  EXP	  	  

image	  space.	  EXP	  limits	  the	  
output	  beam	  size.	  	  

Exit	  pupil	  is	  the	  image	  of	  the	  
aperture	  stop	  (as	  seen	  from	  the	  
image	  point)	  in	  the	  image	  space	  
(formed	  by	  the	  imaging	  
elements	  following	  it	  on	  the	  
right	  of	  the	  stop).	  

EXP	  is	  located	  where	  the	  
extension	  of	  the	  chief	  ray	  
crosses	  the	  opGcal	  axis.	  
Sized	  by	  marginal	  ray	  height	  of	  
pupil	  image	  in	  the	  image	  space.	  

EXP	  is	  conjugate	  of	  AS	  and	  EnP.	  
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ExP	  is	  the	  effecGve	  aperture	  	  
due	  to	  AS	  (image	  of	  the	  AS),	  as	  
seen	  from	  the	  image	  point.	  
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Field	  stops,	  Entrance	  Window,	  Exit	  window	  
Field	  stop	  (FS):	  the	  aperture	  that	  controls	  the	  field	  of	  view	  to	  
eliminate	  poor	  quality	  	  image	  	  points	  due	  to	  aberraGon	  or	  
vigne]ng.	  
Prac;cal	  criteria	  to	  determine	  field	  stop:	  as	  seen	  from	  the	  center	  
of	  the	  entrance	  pupil,	  the	  field	  stop	  or	  its	  image	  subtends	  the	  
smallest	  angle.	  	  

Entrance	  window	  (EnW):	  is	  the	  image	  of	  the	  field	  stop	  by	  all	  
opGcal	  elements	  preceding	  it	  (to	  the	  leE	  of	  it).	  It	  outlines	  the	  
lateral	  dimensions	  of	  the	  object	  being	  imaged.	  Conjugate	  of	  	  FS.	  

Exit	  window	  (ExW):	  is	  the	  image	  of	  the	  field	  stop	  by	  all	  opGcal	  
elements	  following	  it	  (to	  the	  right	  of	  it).	  This	  is	  like	  a	  window	  
limiGng	  outside	  view	  as	  seen	  from	  inside	  of	  a	  room.	  
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Image	  of	  	  
FS	  in	  L1	  

Image	  of	  	  
FS	  in	  L2	  

Image	  of	  	  
AS	  in	  L1	  

Image	  of	  	  
AS	  in	  L2	  

Field	  of	  view	  in	  object	  
space:	  angle	  subtended	  by	  
entrance	  window	  at	  the	  
center	  of	  the	  entrance	  pupil	  

Field	  of	  view	  in	  image	  
space:	  angle	  subtended	  
by	  exit	  window	  at	  the	  
center	  of	  the	  exit	  pupil	  

Field	  stops,	  Entrance	  Window,	  Exit	  window	  

L3	  ME	  297	  SJSU	  Eradat	  Fall	  2011	  	   19	  



Summary:	  Stops,	  Pupils,	  Windows	  
•  Brightness	  

–  Aperture	  stop	  AS:	  The	  real	  element	  in	  an	  opGcal	  system	  that	  limits	  the	  
size	  of	  the	  cone	  of	  rays	  accepted	  by	  the	  system	  from	  an	  axial	  object	  
point.	  

–  Entrance	  pupil	  EnP:	  The	  image	  of	  the	  aperture	  stop	  formed	  by	  the	  
elements	  (if	  any)	  that	  precede	  it.	  

–  Exit	  pupil	  ExP:	  The	  image	  of	  the	  aperture	  stop	  formed	  by	  the	  elements	  
(if	  any)	  that	  follow	  it.	  

•  Field	  of	  view	  

–  Field	  stop	  FS:	  The	  real	  element	  in	  an	  opGcal	  system	  that	  limits	  the	  
angular	  field	  of	  view	  formed	  by	  an	  opGcal	  system.	  

–  Entrance	  window	  EnW:	  The	  image	  of	  the	  field	  stop	  formed	  by	  the	  
elements	  (if	  any)	  that	  precede	  it.	  

–  Exit	  window	  ExW:	  The	  image	  of	  the	  field	  stop	  formed	  by	  the	  elements	  
(if	  any)	  that	  follow	  it.	  
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3.  Camera	  

•  Pinhole	  camera	  
•  Simple	  camera	  

•  Camera	  lens	  types	  

•  Image-‐object	  moGon	  and	  Newtonian	  equaGon	  

•  Aperture,	  F#,	  Irradiance	  
•  Aperture	  size	  and	  depth	  of	  field	  
•  Requirements	  for	  camera	  lenses	  
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The	  pinhole	  camera	  
Simplest	  form	  of	  camera	  is	  a	  pinhole	  
camera.	  There	  is	  no	  focusing	  and	  every	  
point	  of	  image	  is	  constructed	  by	  the	  rays	  
that	  are	  approximately	  coming	  from	  a	  
point	  if	  the	  pinhole	  is	  small	  enough.	  	  

Smaller	  pinholes	  cause	  diffracGon.	  	  

Op;mal	  pinhole	  size:	  0.5	  mm	  
Op;mal	  film	  distance:	  25	  cm	  

Image	  properGes:	  
Unlimited	  depth	  of	  field:	  since	  there	  is	  no	  
focusing	  element	  so	  all	  the	  objects	  appear	  
sharp.	  
Limited	  image	  brightness	  	  

Limited	  image	  sharpness	  
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Imaging	  by	  a	  pinhole	  camera	  
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The	  simple	  camera	  
By	  enlarging	  the	  aperture	  in	  a	  
pinhole	  camera	  and	  placing	  a	  lens	  
in	  it	  several	  changes	  happen:	  	  
1.   Increase	  in	  brightness	  of	  the	  

image	  due	  to	  focusing	  all	  the	  
rays	  from	  an	  object	  point	  to	  its	  
conjugate	  on	  the	  film	  

2.   Increase	  in	  sharpness	  of	  the	  
image	  due	  to	  the	  focusing	  
power	  of	  the	  lens.	  

3.   Increased	  sensi;vity	  to	  lens-‐to-‐
film	  distance.	  

4.  For	  object	  at	  infinity	  the	  film	  is	  
at	  the	  focal	  point	  of	  the	  lens.	  	  
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PosiGon	  of	  the	  
film	  fixed	  

The	  lens	  is	  moved	  back	  
and	  forth	  for	  focusing	  
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Camera	  lens	  types	  
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1.   Close-‐ups:	  lenses	  with	  short	  focal	  length	  that	  can	  handle	  near	  objects.	  
2.   Telephoto:	  lenses	  with	  long	  focal	  length	  that	  images	  far	  object	  at	  the	  expense	  

of	  subject	  area.	  
3.   Wide-‐angle:	  lenses	  with	  short	  focal	  length	  and	  large	  field	  of	  view.	  
4.  CombinaGon	  of	  posiGve	  and	  negaGve	  lenses	  is	  used	  to	  avoid	  a	  long	  camera	  

tube	  .	  	  
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Newtonian	  equaGon	  for	  the	  thin	  lens	  
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•  The	  object	  and	  image	  distances	  are	  measured	  from	  the	  focal	  points	  like	  the	  picture.	  

•  The	  equaGon	  is	  simpler	  and	  is	  used	  in	  certain	  applicaGons	  like	  cameras.	  	  
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Camera	  aperture,	  irradiance	  and	  f#	  
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Two elements control the amount of admitted light into the camera:
1) The aperture size
2) Shutter speed 

Irradiance = light power incident at the image plane
area of the film or CCD or CMOS imager

∝ Relative aperture

Relative aperture of a lens: Ee ∝
area of aperture
area of image

= D2

d 2

Since image size is proportional to the focal length of the lens d ∝ f

Ee ∝
D
f

⎛
⎝⎜

⎞
⎠⎟

2

We define  f #  of a lens: f # = f
D

Relative aperture: Ee ∝
1

( f #)2

26	  



F-‐number	  and	  irradiance	  
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Aperture	  size	  
decreases	  

Irradiance	  	  
decreases	  

  

Selectable apertures in cameras usually provide steps that change irradiance, Ee ,  by a 

factor of 2, the corresponding f − number  changes by a factor of 2  .

Larger f − number → smaller aperture area & smaller exposure,  since  f / # = f
D

.

Exposure J
m2

⎛
⎝⎜

⎞
⎠⎟
= Ee

J
m2 ⋅ s

⎛
⎝⎜

⎞
⎠⎟

t s( )

So for a given film speed or 

ISO-number variety of f / #  and 
shutter speed combinations 

can provide satisfactory exposure. 
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Aperture	  size	  and	  depth	  of	  field:	  defini;on	  
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MN :  depth of field or distance between the acceptable near-point and far-point.

M ' N ' :  conjugate of the depth of field in image space

d :  or the blurring diameter. This can be the pixel size or film grain size. 

x :  distance of the images that are acceptable
Near-point of the depth of field is the object distance s1  for the image at s '0+ x

Far-point of the depth of field is the object distance  s2  for the image at s '0− x

An	  axial	  
object	  
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Aperture	  size	  and	  depth	  of	  field	  II	  
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tanα ≅ D
2s '0

 

tanα ≅ d
2x

⎫

⎬
⎪⎪

⎭
⎪
⎪

x ≅
ds '0
D

s1 =
s0 f f +  f # d( )

f 2 +  f # ds0

 

s2 =
s0 f f −  f # d( )

f 2 −  f # ds0

f # = f / D is the f #  

Depth Of the Field: MN = s2 − s1 → MN =
2 f # ds0 s0 − f( ) f 2

f 4 −  f #2 d 2s0
2

An	  axial	  object	  
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Aperture	  size	  and	  depth	  of	  field	  deriva;on	  	  
(read	  only	  if	  you	  love	  deriva;ons)	  
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1
s0

+ 1
s '0

= 1
f
→ s '0 =

fs0

s0 − f
 with  x ≅

ds '0
D

 and A = f
D

= f #

1
s1

+ 1
s '0+ x

= 1
f

 → s1=
f s '0+ x( )

s '0+ x − f
=

f s '0+
ds '0
D

⎛
⎝⎜

⎞
⎠⎟

s '0+
ds '0
D

− f
=

fs '0 1+ Ad
f

⎛
⎝⎜

⎞
⎠⎟

s '0 1+ Ad
f

− f
s '0

⎛

⎝⎜
⎞

⎠⎟

=
f 1+ Ad

f
⎛
⎝⎜

⎞
⎠⎟

1+ Ad
f

−
f s0 − f( )

fs0

⎛

⎝
⎜

⎞

⎠
⎟

s1=
f + Ad( )

1
fs0

Ads0

1
+ f 2

1
⎛

⎝⎜
⎞

⎠⎟

 → s1 =
s0 f f + Ad( )

f 2 + Ads0

1
s2

+ 1
s '0− x

= 1
f
→ s2 =

f s '0− x( )
s '0− x − f

=
f s '0−

ds '0
D

⎛
⎝⎜

⎞
⎠⎟

s '0−
ds '0
D

− f
=

fs '0 1− Ad
f

⎛
⎝⎜

⎞
⎠⎟

s '0 1− Ad
f

− f
s '0

⎛

⎝⎜
⎞

⎠⎟

=
f 1− Ad

f
⎛
⎝⎜

⎞
⎠⎟

1− Ad
f

−
f s0 − f( )

fs0

⎛

⎝
⎜

⎞

⎠
⎟

s2 =
f − Ad( )

1
fs0

−
Ads0

1
+ f 2

1
⎛

⎝⎜
⎞

⎠⎟

 →  s2 =
s0 f f − Ad( )

f 2 − Ads0

→ MN = s2 − s1 → MN =
2Ads0 s0 − f( ) f 2

f 4 − A2d 2s0
2
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Requirements	  on	  camera	  lenses	  
•  Large	  field	  of	  view	  35o-‐65o	  for	  normal	  lenses	  and	  120o	  for	  

wide	  angle	  lenses.	  

•  Free	  from	  aberraGon	  over	  enGre	  area	  of	  the	  film	  at	  focal	  
plane.	  

•  All	  5	  Seidle	  aberraGons	  (spherical,	  coma,	  curvature	  of	  the	  
field,	  asGgmaGsm,	  and	  distorGon)	  	  plus	  chromaGc	  must	  be	  
corrected.	  	  

•  	  ComputaGonal	  techniques	  have	  relaxed	  some	  of	  these	  
requirements	  but	  sGll	  designing	  a	  good	  camera	  lens	  requires	  
human	  ingenuity.	  

•  Usually	  there	  is	  more	  than	  one	  soluGon.	  The	  choice	  depends	  
on	  compromises	  and	  other	  design	  concerns.	  	  
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